ABSTRACT Smillie, R., Grant, B. R., and Guest, D. 1989. The mode of action of phosphite: Evidence for both direct and indirect modes of action on three Phytophthora spp. in plants. Phosphite, applied as a root drench, provided protection against were never fungitoxic. Once accumulated, phosphite remained in the plant invasion by Phytophthora cinnamomi, P. nicotianae, and P. palmivora for extensive periods. Results suggest that the concentration of phosphate in lupin, tobacco, and paw-paw, respectively. Protection was expressed present at the infection site influenced the degree to which phosphite as a reduction in the rate of lesion extension after wound inoculation, protection was observed in treated plants. In the three fungal-plant Phosphite concentrations at the site of inoculation were sufficient to reduce combinations examined, phosphite concentrations were sufficient to mycelial growth in vitro. There was a close relationship between the reduce fungal growth by direct action. However, plant defenses would concentration of phosphite present at the invasion site and the extent be important in completely arresting pathogen invasion. to which protection was expressed, although phosphite concentrations
meristems were removed and inoculum was placed directly on between the second pair of leaves and the cotyledons produced the wound surface. Lupin (12 to 14 day old) and paw-paw (60 lesions, and the rate of extension of these lesions was reduced day old) were inoculated with mycelium of P. cinnamomi and in phosphite-treated plants (Fig. 1) . Differences in lesion lengths P. /)alnTivora, respectively. Mycelium was grown on V-8 agar were significant (P <_ 0.05) from the second day. Inoculation in a 1.5-ml microfuge tube, and the tube was placed directly over above the second pair of leaves failed to produce a lesion in the cut surface and secured to a supporting stake. The tube either phosphite-treated or control plants, whereas inoculation prevented desiccation of the wound surface and aided in the below the cotyledons produced lesions that extended at uniformly establishment of infection. Sham inoculations carried out with rapid rates in both treated and control plants. tubes containing no mycelium served as controls. Tobacco plants Analysis of phosphite-treated plants showed that the highest were inoculated with zoospore suspensions of P. nicotianae (5 /1 concentration of the anion was observed in the stem and the containing 5 X l0' spores). Inoculation sites were protected with lowest in the roots, and there appeared to be a concentration foil caps to restrict the rate of evaporation. Sham inoculations gradient from the upper stem to the roots, although the difference with 5 Ad of sterile distilled water served as a control.
between the levels above and below the cotyledons was not Reisolation of pathogens. In one series of experiments (lupin significant (Fig. 2) . In a second experiment, phosphite was applied and tobacco), the fungi were reisolated from inoculated plants.
to 14-day-old plants at 20 mg per pot, and phosphite concenStems were sectioned into I-cm sections for 5 cm below the most trations in the upper stem were measured over an interval of advanced point of the lesion, and the sections were plated on 9 days. Phosphite concentrations reached their maximum selective agar. Tsao and Ocana's (33) medium was used for P.
(200 #tg/g) some 4 days after application (Fig. 3) . The experiment cinnanlomi and the medium of Ponchet et al (24) was used for was repeated with 21-day-old plants. In these older plants, P. nicotianae.
phosphite concentrations exceeded 1,500 .tg/g in the 1 cm above Lesion measurement. In lupin and paw-paw, lesions appeared the first pair of true leaves 7 days after phosphite application, as water-soaked tissue, which then collapsed rapidly. Some and remained at that level for another 14 days (data not shown). necrosis was observed, but the length of the water-soaked section When a range of phosphite levels (0.5-50 mg per pot) was taken as the measure of lesion extension. In tobacco, external corresponding to 0.25-25 kg/ha was supplied to plants, the lesions were less distinct, and, therefore, stems were sliced amount of phosphite present 4 days later at the inoculation site vertically and the internal lesion extension was measured. Lesion in the stem was proportional to the amount of phosphite applied, extension was marked by browning and necrosis, which spread further in the vascular tissue than in pith or cortex. In pawpaw, complete stem collapse occurred I wk after inoculation, 80 limiting the time that lesions could be measured.
Phosphite and phosphate measurement. One-centimeter 0-0 Phosphite treated sections of stem tissue, taken immediately above the site of inocu-
_-

0-0
No phosphite lation, or in some experiments from the lesion front, were E 60 extracted with isopropanol-formic acid. Phosphite and phosphate • glass-fiber filters, washed twice with distilled water, and dried 0, '91'e,0000 overnight at 100 C. Mycelial plugs placed on glass-fiber filters 0 1 2 3 4 5 at inoculation were used to correct for inoculum mass.
Days After Inoculation Experimental design and statistics. Measurement of lesion Fig. 1 . Extension of lesions after inoculation of lupin stems with extension after different levels of phosphite application (lupin Phytophthora cinnamomi. Lupin seedlings, 14 days old, were treated with and tobacco) was carried out two to five times with three to potassium phosphite at 20 mg per pot, and 4 days later they were inoculated eight replicates for each treatment. once a threshold level of 10 mg per pot had been exceeded. The
Application of a range of phosphite amounts (0.5 50 mg per extent of protection, as expressed by decreased lesion extension pot) showed that in tobacco, as in lupin, the concentration of at 72 hr, increased as the concentration of phosphite present phosphite present at the inoculation site varied with the amount increased above 40 yg/g (Fig. 4) . The correlation coefficient of phosphite applied (Fig. 8) , and that lesion development was between lesion length and log concentration of phosphite was -0.99. Under these conditions, where all plants were of equal age, there was little variation in the concentration of phosphate are shown.
inversely proportional to the concentration of phosphite present per pot, and between 3 and 4 cm ahead of the lesion in plants at the site of inoculation (regression coefficent, -0.95). Where treated with 50 mg per pot. phosphite protection was expressed, concentrations of phosphite at the site of inoculation were in the range required to decrease DISCUSSION growth of P. nicotianae in vitro (Fig. 5) .
Paw-paw-P. palmivora. As in the other host/pathogen We have shown that phosphite provided protection against systems, the application of 20 mg of phosphite per pot resulted invasion by Phytophthora spp. in three plant species. Protection in reduced lesion extension in treated plants (Fig. 9) . The was expressed as reduced lesion extension in the stem following concentration of phosphite at the site where lesion extension wound inoculation. Phosphite accumulated to concentrations ceased was 125 itg/g fresh weight at day 4 postinoculation and exceeding those applied in the root drench (1,000 jtg/ ml) in some 105 ttg/g fresh weight at day 8 postinoculation. This decrease treatments with older seedlings, though the concentration was in phosphite concentration between days 4 and 8 probably reflects usually lower. Phosphite concentrations at the site where variation in phosphite uptake, which is a function of seedling protection was expressed were sufficient to reduce the growth size and vigor rather than any loss of phosphite from plants.
of the pathogens in vitro. Moreover, protection was only observed The paw-paw seedlings showed much greater variability in size when phosphite concentrations in the plant reached or exceeded and form than seedlings of either of the two other species tested.
these concentrations. However, phosphite did not arrest lesion Although these phosphite concentrations were also within the extension in lupin, even at the highest concentration used. In range that reduced rates of growth of P. palmivora in vitro (Fig. tobacco, complete cessation of lesion extension was observed at 5), the reduction in growth at 125 gg/ml of phosphite was much phosphite concentrations well below the ED 50 observed (80 ig/ml) less than in either of the other two host-parasite combinations, against P. nicotiana in vitro. In paw-paw, the phosphite and was just significantly lower than the control (P > 0.05 with concentration in the plant was sufficient to slightly reduce the paired Student t test, n = 15). The concentration of phosphate growth of P. palmivora in vitro, though much less than was was 1, 196 ± 164 pg/ ml at day 4 in phosphite-treated plants and observed in the other two species of Phytophthora. The phosphite 1,300 ± 101 lig/ml in the control plants, again indicating that concentrations observed are comparable to those reported the accumulation of substantial amounts of phosphite did not recently by others who have used different plant species and alter the concentrations of phosphate present.
somewhat different methods of administering the phosphite In one set of experiments, the fungi were recovered from the (5, 26, 29) . The presence of phosphite in protected plants at stem sections at least 5 cm ahead of the lesion front, both in concentrations sufficient to reduce growth in vitro suggests that untreated plants and those treated with up to 20 mg of phosphite it is acting directly on these fungi. A similar conclusion was reached by Dercks and Buchenauer (8) from experiments with fosetylAl, although these authors used much higher application rates 35 150 (4,000-5,000 pg/ml). In a later study (9), lower rates used in 4 vitro (250 gAg/ml) showed direct effects, although the concen-30 12 trations of phosphite in the fungus were not examined. speie te might a be two it uak system hav species there might also be two different uptake systems, hvn different affinities for phosphite. The irregular preinfection control 35 of downy mildew by phosphite (P. A. Magarey, personal communication) may be explained by inhibition of phosphite 30 0-0 NoPhosphitetrae 0 uptake into the fungus in the presence of high phosphate. 0-"N poshieHowever, in a recent paper (10), it was reported that a different E 25 strain of P. palmivora, which was extremely sensitive to phosphite v in vitro, responded in the opposite way to that observed in our S20 study, with phosphate enhancing the effectiveness of phosphite. 0-Although the methods used in this latter study do not allow direct .. i 15 comparison with the work described here, the effects of phosphate o C on phosphite-induced protection are clearly complex. Together 
